ABSTRACT Maternally derived antibodies (MDAs) are important for protection against very virulent infectious bursal disease virus (vvIBDV). In this study, 5-day-old commercial broilers with non-uniform MDA titers (with a coefficient of variation of 50%) were challenged with vvIBDV and given free contact with each other during a 2-week period. The chicks were assigned to four MDA-titer subgroups, GI-1 (very low MDA), GI-2 (low MDA), GI-3 (medium MDA), and GI-4 (high MDA). Transient symptoms of infection were observed in 35.7% of challenged birds. Body weight gain was significantly lower in GI-2, GI-3, and GI-4 birds than in an unchallenged control group. Seroconversion was observed in GI-1 birds and some GI-2 birds. The frequency of virus shedding via the cloaca in vvIBDV-challenged birds increased from 7.1% of GI birds at 5 days post inoculation (dpi) to 35.7% at 14 dpi. The timing of virus shedding was progressively later from GI-1 to GI-4. At 14 dpi, significant atrophy of the bursa of Fabricius (BF) was observed in GI birds compared with GII controls; atrophy was most severe in GI-1 birds and least severe in GI-4 birds. BF lesion scores decreased from GI-1 to GI-4. The proportion of birds with IBDV antigen in the BF at 14 dpi was higher in GI-2 and GI-3 than in GI-1 and GI-4, whereas the viral load in positive birds increased from GI-1 to GI-4. Our results indicate that high levels of MDAs would protect chicks from initial vvIBDV infection but that progressive decay of these MDAs would result in delayed infection by virus shedding in initially infected birds with low MDA titers, resulting in continuous circulation of the virus in a flock with non-uniform MDA titers.
INTRODUCTION
Infectious bursal disease (IBD), caused by IBD virus (IBDV), is an economically important poultry disease of young chickens, which results in substantial economic loss in the poultry industry worldwide. Susceptibility to IBDV is age dependent. Chickens ≤6 weeks old are highly susceptible to IBDV, and the most severe manifestations of infection, including mortality, are seen in chicks of 3 to 6 weeks of age, when the bursa of Fabricius (BF) reaches maximal development (Eterradossi and Saif, 2008) . Chicks <3 weeks old have mild or subclinical infections. IBDV infection results in lymphoid depletion and the eventual destruction of the BF, and subsequent immunosuppression is the predominant feature of the pathogenesis of IBD (Fadly et al., 1976; Eterradossi and Saif, 2008) . This immunosuppression increases the susceptibility of chicks to secondary infections, and lowers responsiveness to vaccination (Müller et al., 2012) .
Two distinct serotypes of IBDV, designated serotypes I and II, have been recognized (Eterradossi and Saif, 2008) . Only serotype I viruses are virulent in chickens, although IBDV serotype I isolates vary in their levels of virulence and antigenicity. In particular, the very virulent form of IBDV (vvIBDV), which has potential to cause high mortality in chickens, first emerged in Belgium in the late 1980s, since then, outbreaks of vvIBDV infection have been reported throughout Europe, the Middle East, Africa, Asia, and South America (van den Berg et al., 1991; van den Berg, 2000a) . In 2009, the occurrence of vvIBDV was reported in California (Stoute et al., 2009) . The international spread of 4193 vvIBDV has resulted in substantial economic losses in the poultry industry.
Once IBDV has been introduced into a poultry farm, infected chickens can shed the virus in feces (Takase et al., 1982; Zhao et al., 2013; Jayasundara et al., 2017) . The contaminated environment remains infective for at least several months, because of the high resistance of IBDV to adverse environmental conditions (Eterradossi and Saif, 2008; Zhao et al., 2013) . Once established, the surviving virus can cause the recurrence of IBD in subsequent flocks on a farm if cleaning and disinfection measures are not sufficient. Thus, the prevention and control of IBD is based mainly on vaccination.
In many cases, young chicks receive high levels of maternally derived antibodies (MDAs) as a result of the previous vaccination of parent flocks. These MDAs have an important role in protecting newly hatched chickens against IBDV infection during the first few weeks of life (Maas et al., 2001; Al-Natour et al., 2004; Jackwood 2011 ). However, vvIBDV isolates can break through levels of MDAs that are protective against less virulent IBDV strains, even though the vvIBDV isolates are antigenically similar to classic strains (Brown et al., 1994; Mass et al., 2001; Rautenschlein et al., 2005) . Outbreaks involving vvIBDV have, therefore, been reported in several countries, despite the presence of MDAs or live vaccination (Mardassi et al., 2004; Martin et al., 2007; Fernandes et al., 2009; Liu et al., 2013) . The epidemiology of vvIBDV in newly hatched poultry flocks possessing MDAs remains unclear. To extend the epidemiological understanding of vvIBDV in young chicken flocks, we challenged newly hatched broilers (from a single parental flock) with vvIBDV, monitored symptoms of infection and viral shedding, and investigated the protective effect of MDAs and the dynamics of IBDV infections.
MATERIALS AND METHODS

IBDV
NVRI06D062 (abbreviated to D062), belonging to the vvIBDV pathotype (Jeon et al., 2009 ; GenBank accession numbers FJ000305 and MF374505) was used as the challenge virus. The D062 virus was originally isolated from a broiler-type chicken flock with high mortality in 2006 in the Republic of Korea (Jeon et al., 2009) . In a preliminary study, D062 virus resulted in 80% mortality on infection of 4-week-old specific-pathogen free (SPF) chickens (data not shown). D062 virus was passaged twice in SPF chickens. BFs containing the virus were collected 3 days post inoculation (dpi) from infected chickens, homogenized to be 10% (w/v) in 0.01 M phosphate-buffered saline (PBS), pH7.4, clarified by low-speed centrifugation, filtered through a 0.45 μm disposable filter and stored at −70
• C before use. Virus titers were determined by endpoint titration using SPF embryonated chicken eggs, and expressed as the 50% egg lethal dose (ELD 50 ).
Animal Experiments
Commercial day-old Ross broiler chicks (with MDAs) from a commercial broiler breeder flock were supplied by Samhwa Breeding Agri. (Boryeong, Republic of Korea). The breeder flock received three previous vaccinations with live intermediate vaccine (Nobilis D78 strain, MSD Animal Health, Boxmeer, The Netherlands) when the chicks were 3 weeks and 5 weeks old and inactivated oil-emulsion vaccine (Nobilis IB+G+ND, MSD Animal Health) at 18 weeks old. All animal procedures were approved and supervised by the Institutional Animal Care & Use Committee (IACUC) of the Animal and Plant Quarantine Agency, Republic of Korea. Chicks (n = 92) were randomly allocated into two groups, GI (the challenge group, n = 70) and GII (the control group, n = 22), and the groups were raised in separate rooms in laboratory experimental facilities with strict biosecurity. The chicks were kept on litter made of wood shavings, with food and water ad libitum during the experiment. At 5 days of age, GI birds were weighed, then challenged orally with D062 virus at 10 5.1 ELD 50 per bird. GII birds were sham-challenged with PBS in the same manner. All birds were monitored daily for overt signs of infection and for mortality, for 14 days. At the end of the experiment, surviving birds were sacrificed humanely and examined for the presence of gross lesions. The BF and body weight (BW) of each sacrificed bird were recorded. Relative BW gain (BW index) was calculated as weight gain (g)/initial BW (g) × 100. Relative BF to BW ratio (BF index) was calculated as the BF weight (g)/BW (g) × 1000. A BF index <2 was taken to indicate bursal atrophy.
Measurement of IBDV Antibodies
Blood samples were taken from all birds at 0, 5, 7, and 14 dpi. Levels of IBDV antibodies in sera were measured by enzyme-linked immunosorbent assay (ELISA) with the IDEXX Flock-Check IBD-XR Ab test kit (IDEXX, Westbrook, ME), according to the manufacturer's instructions.
Isolation of Shed Virus
Cloacal swabs were collected from all birds at 0, 5, 7, and 14 dpi for detection of shed virus. Virus isolation was performed by egg inoculation via the chorioallantoic membrane route as described previously (Rosenberger et al., 2008) . The membranes were harvested and tested for IBDV by reverse-transcription-PCR (RT-PCR) assay, as described previously (Jackwood and Sommer-Wagner, 2007). Table 1 . Titers of maternally derived antibodies (MDAs) in groups of chicks, and the effects over 14 days post inoculation (dpi) on body weight, morbidity, and mortality of challenge with very virulent infectious bursal disease virus (IBDV). , whereas GII birds were mock-infected. The GI group was divided into four subgroups, based on the pre-challenge MDA titers measured by ELISA: GI-1 (very low MDA), GI-2 (low MDA), GI-3 (medium MDA), and GI-4 (high MDA).
2 MDA titers were measured by ELISA, and ranges of ELISA titers (GMT ± standard deviation) are shown. 3 BW index was calculated as weight gain/initial body weight × 100, and geometric means of the BW index ± standard deviation are shown. p, q, r Values with different superscripts within a column differ significantly (according to the Tukey-Kramer multiple comparisons test, P < 0.05).
Histopathology and Immunohistochemistry
BFs collected at necropsy 14 dpi were fixed in 10% (v/v) formalin, dehydrated, and embedded in paraffin. The 0.15 μm sections of paraffin-embedded tissues were stained with hematoxylin and eosin stain and examined microscopically for histopathological lesions. Bursal lesion scores were recorded according to a numbering system of 0 for no lesion, 1 for slight change, 2 for scattered or partial bursal damage, 3 for ≤50% follicle damage, 4 for 51 to 75% follicle damage, and 5 for 76 to 100% bursal damage (Sachin et al., 2009) . A histopathological lesion score >1 was considered to indicate an unprotected bird.
IBDV in BF sections was detected by immunohistochemistry (IHC) using a fully automatic system (Ventana Discovery XT; Ventana Medical Systems, Tucson, AZ), according to the manufacturer's instructions. Polyclonal rabbit anti-IBDV antibody (Peptron, Republic of Korea) was visualized with biotinylated anti-rabbit IgG (DAKO, Carpinteria, CA) and the Ventana DABMap detection Kit (Ventana Medical Systems, Tucson, AZ). The IHC staining in each section was scored with a system based on the percentage of positive follicles, with an IHC score of 0 for no detectable IBDV antigen, 1 for antigen in <25% lymphoid follicles, 2 for 25 to 50% of lymphoid follicles, 3 for 51 to 75% of lymphoid follicles, and 4 for >75% of lymphoid follicles (Tanimura et al., 1995) .
Statistical Analysis
Results from the GI and GII groups were compared for morbidity, BW indices, BF indices, bursal lesion scores, and IHC scores in BFs. Within the GI group, experimental data were categorized in four subgroups (very low, low, medium, and high MDA) according to the range of MDA titers in pre-challenge sera, and these subgroups were compared with each other. A two-tailed Fisher's exact test was used to compare morbidity between subgroups. An unpaired Student t test was used to compare the BW indices between groups. Differences in BF indices, lesion scores, and IHC scores between groups were analyzed by one-way analysis of variance (ANOVA) with a Tukey-Kramer multiple comparison test. P values <0.05 were considered to indicate significance.
RESULTS
MDA Titration by ELISA
The levels of MDAs in pre-challenge sera (n = 92) were measured with a commercial ELISA kit (Table 1) . The antibody titers for pre-challenge sera ranged from 250 to 8,135, and the geometric mean titer (GMT) was 3,104.1 ± 1,559.7. The overall % coefficient of variance (CV) of MDA titers was estimated to be 50%. No significant difference was observed in MDA titers between GI (GMT = 2,720.5 ± 1,311.8) and GII (GMT = 3,779.4 ± 1,889.7) (P = 0.09). Birds in the GI group were assigned to four MDA-titer subgroups: GI-1 (very low MDA, titer <1,500), GI-2 (low MDA, titer between 1,500 and 3,000), GI-3 (medium MDA, titer between 3,001 and 4,000), and GI-4 (high MDA, titer >4,000).
Morbidity, relative BW Gain, and Mortality
Prior to vvIBDV challenge, none of the birds showed any overt symptoms. GII control birds did not show symptoms at any time during the experiment. Morbidity in GI virus-challenged birds is shown in Table 1 . Symptoms such as depression, ruffled feathers, and mild diarrhea were observed in 25 of 70 GI birds (35.7%) at some point in the 14 days. However, these symptoms were transient, and only lasted for several days. Morbidity was 75.0% in the GI-1 subgroup, 60.0% in GI-2, 22.2% in GI-3, and 13.3% in GI-4. In GI animals, BW indices (relative BW gain) were relatively low (420.3 ± 62.3) compared with GII control birds (488.3 ± 59.9). BW indices of GI-2 (413.6 ± 63.9), GI-3 (413.2 ± 61.0) and GI-4 (415.9 ± 34.6) subgroups were significantly different from the GII control group (P < 0.05 for each comparison). However, no mortality occurred in either group during the experiment. Results from birds in the challenge group (GI) were separated into four subgroups, based on the pre-challenge maternally derived antibody (MDA) titers measured by ELISA: GI-1 (very low MDA), GI-2 (low MDA), GI-3 (medium MDA), and GI-4 (high MDA).
Serological Response and Virus Shedding
To monitor IBDV antibody titers following vvIBDV challenge, blood samples were taken 0, 5, 7, and 14 dpi for all birds (Figure 1) . In GII control birds, the levels of MDAs fell progressively, and the MDA half-life was estimated to be ∼3.5 days. In GI birds, patterns of IBDV antibody titers varied according to the level of pre-challenge MDAs. In GI-1, the GMT of the antibodies fell from 0 dpi to 5 dpi and rose from 7 dpi to 14 dpi. Such seroconversion was also observed in some of the GI-2 (10.0%) birds, but not in GI-3 or GI-4 birds. In GI-2, GI-3, and GI-4 birds, the antibody titers fell from 0 dpi to 14 dpi, resulting, overall, in the gradual decline of antibody titers, similar to GII.
Virus shedding was also monitored by virus isolation from cloacal swabs (Figure 1 ). Prior to challenge, no IBDV was isolated from any bird. In GI, the frequency of virus shedding after challenge increased progressively; out of 70 birds, five were shedding virus at 5 dpi (7.1%), 10 at 7 dpi (14.3%), and 25 at 14 dpi (35.7%). The proportion of birds shedding virus at each time point varied with different levels of pre-challenge MDA. Virus was isolated from 50.0% of the 8 GI-1 birds at 5 dpi, and from 62.5% at 7 dpi; from 5% of the 20 GI-2 birds at 5 dpi, 25.0% at 7 dpi, and 40.0% at 14 dpi; from 48.1% of the 27 GI-3 birds at 14 dpi; and from 26.7% of the 15 GI-4 birds at 14 dpi. No virus shedding occurred from GII birds during the experiment.
Bursal Pathology
At 14 dpi, all birds were humanely sacrificed and examined for BF indices, BF lesion scores and IHC scores (Table 2) . IBDV challenge had significant effects on Table 2 . Size, pathology, and presence of viral antigens in bursae of Fabricius (BFs) at 14 days post inoculation (dpi) in chicks challenged with very virulent infectious bursal disease virus (IBDV). , whereas GII birds were mock-infected. The GI group was divided into four subgroups based on the pre-challenge MDA titers measured by ELISA: GI-1 (very low MDA), GI-2 (low MDA), GI-3 (medium MDA), and GI-4 (high MDA).
2 BF index was calculated as BF weight/body weight × 1000, and geometric means of the BF index ± standard deviation are shown. 3 Lesion score >1 was considered positive. Bursa lesions were scored as follows: 0 = no lesion, 1 = slight change, 2 = scattered or partial bursal damage, 3 = ≤50% follicle damage, 4 = 51 to 75% follicle damage, and 5 = 76 to 100% bursal damage. Geometric means of lesion scores ± standard deviation are shown.
4 Immunohistochemistry (IHC) results were scored on the basis of the percentage of follicles positive for IBDV antigens: 0 = no detectable IBDV antigen, 1 = <25% lymphoid follicles, 2 = 25 to 50% lymphoid follicles, 3 = 51 to 75% lymphoid follicles, and 4 = >75% lymphoid follicles. Geometric means of IHC scores ± standard deviation are shown. % positive = number positive/number tested × 100.
p, q, r Values with different superscripts a within column differ significantly (according to the Tukey-Kramer multiple comparisons test, P < 0.05).
BF indices (1.3 ± 0.7 in GI versus 2.3 ± 0.5 in GII, P < 0.05) and BF lesion score (3.0 ± 1.3 in GI versus 1.0 ± 0.0 in GII, P < 0.05). GII control birds did not show any pathological changes in BFs, whereas 48 out of 70 GI birds (68.6%) showed gross pathological lesions in BFs (gelatination, hemorrhage, necrosis, and atrophy). BFs of GI birds were atrophied compared with those of GII control birds (P < 0.05). Atrophy of BFs was most severe in GI-1 (BF index = 0.5 ± 0.2), and least severe in GI-4 (BF index = 1.6 ± 0.7), compared with GII (BF index = 2.3 ± 0.5). BF lesion scores were higher in GI subgroups with low MDA levels than in subgroups with high MDA levels. Virus antigens in BFs at 14 dpi were detected by IHC; they were present in a higher proportion of birds in GI-2 (60.0%) and GI-3 (62.9%) than in GI-1 (25.0%) and GI-4 (40.0%) The IHC score for the proportion of positive follicles in birds with viral antigens was higher in GI subgroups with high MDA levels than in subgroups with low MDA levels. IBDV was not detected in GII control birds.
DISCUSSION
In general, chicks can be protected against disease caused by IBDV by the presence of MDAs, which provide passive immunity against IBDV infection during the first few weeks of life. Nevertheless, outbreaks caused by vvIBDV are frequently observed, despite the presence of MDAs or of active immunity induced by live vaccination (Mardassi et al., 2004; Martin et al., 2007; Fernandes et al., 2009; Liu et al., 2013) . These outbreaks might occur partly because of viral contamination of the chicks' environment, along with insufficiency of protective immunity.
Here, we investigated the pathological, serological, and virological effects of exposure of newly hatched broilers to vvIBDV. The parental flock had previously been vaccinated. Prior to viral challenge, MDA titers varied between chicks, with an overall CV of 50%. Chicks in the experimental group were challenged with vvIBDV, then raised in a single room with free contact and observed for 14 days. Experimental data from challenged birds were separated into four subgroups according to the pre-challenge level of MDA in each chick. Commercial ELISA kits are widely used in many diagnostic laboratories, and good correlation between results obtained with ELISA and the virus-neutralization test has previously been reported (De Herdt et al., 2005) . Thus, serological data were obtained using a commercial ELISA kit instead of the gold-standard virus-neutralization test.
Many of the virus-challenged birds experienced transient illness, but all of these birds recovered several days later, despite their exposure to vvIBDV. The resistance to vvIBDV might result from the presence of MDAs and the phenomenon of age-dependent susceptibility (Jackwood, 2011) . Nevertheless, at 14 dpi, the BW indices of virus-challenged birds were low compared with control birds. Early exposure to vvIBDV might, therefore, affect the production performance for broilers raised on farms. Seroconversion is an immunological indicator of IBDV infection. We observed seroconversion in GI-1 and some of the GI-2 birds, but not in GI-3 and GI-4 birds. This result suggests that birds that underwent seroconversion by 14 dpi might not have had MDA-mediated protection from infection at the time of viral challenge. Accordingly, the minimum protective level of MDAs against vvIBDV would be approximately 1,500, as measured by ELISA.
Virus shedding through the cloaca was first detected in low-MDA-titer (GI-1) birds, and last detected in high-titer (GI-4) birds, suggesting the possibility of sequential vvIBDV infection, which was supported by pathological and virological results relating to BFs obtained at 14 dpi. The BF is the primary target organ of the virus, and it shows stages of inflammation (swelling, hemorrhage, and atrophy) following IBDV infection (van den Berg et al., 2000b; Eterradossi and Saif, 2008) . Thus, BF indices and BF lesion scores may be indicators of the stage of infection. We found that low initial levels of MDAs were associated with more severe BF lesions and BF atrophy at 14 dpi than high levels of MDAs.
IBDV antigen was not detected in most (6/8) of the GI-1 birds (with the lowest MDAs) by IHC. The proportion of bursal follicles containing IBDV antigen was highest in GI-4 birds. Together with serological, virological and pathological results, these findings suggested that the virus-challenged birds were at different stages of infection at 14 dpi depending on the pre-challenge level of MDA, with GI-1 birds at the stage of virus clearance after infection, GI-2 birds recovering after infection, and some of the GI-3 and GI-4 birds having recently acquired IBDV infections. This pattern of infection could be explained epidemiologically if birds with low levels of MDAs, and therefore lacking protection, were initially infected with the vvIBDV challenge virus. These birds would then proceed to shed virus through feces (Takase et al., 1982; Zhao et al., 2013; Jayasundara et al., 2017) , resulting in environmental contamination. At the time of challenge, high levels of MDAs would protect chicks from IBDV infection, but these MDAs progressively decay, resulting in a loss of protection in increasing numbers of birds as time goes on. This loss of protection renders these birds susceptible to infection by shed virus through direct contact with the contaminated environment, and/or with infected birds, resulting in continuous circulation of vvIBDV among the population.
In conclusion, our results indicate that vvIBDV can infect some broilers in the first week of life in flocks with non-uniform MDA titers, a situation that is not uncommon on poultry farms (Al-Natour et al., 2004; Block et al., 2007; Boudaoud and Mamache, 2012) . Exposure of young chicks in such flocks to field virus would result in continuous circulation of the virus in the flock. The infected chicks might have few symptoms of infection, or even subclinical infections. Importantly, this spread of infection would result in severe immunosuppression throughout the flock because of severe BF damage. Immunosuppressed birds would in turn become vulnerable to a variety of secondary infections, and would develop poor vaccination responses. Our results emphasize the importance of biosecurity for poultry farms raising young chicks, as well as the value of uniformity of MDA titers, which could be achieved by well-designed vaccination programs in breeder flocks.
